Background. Type 2 diabetes mellitus (DM) is a major risk factor for the development of active pulmonary tuberculosis, although the immunological mechanisms underlying this interaction remain unexplored. The influence of poorly controlled diabetes on pathogen-specific T-helper 1 (Th1) and T-helper 17 (Th17) responses have not been examined.
Background. Type 2 diabetes mellitus (DM) is a major risk factor for the development of active pulmonary tuberculosis, although the immunological mechanisms underlying this interaction remain unexplored. The influence of poorly controlled diabetes on pathogen-specific T-helper 1 (Th1) and T-helper 17 (Th17) responses have not been examined.
Methods. To identify the role of Th1 and Th17 cells in tuberculosis with coincident DM, we examined mycobacteria-specific immune responses in the whole blood of individuals who had tuberculosis with DM and compared them to those in individuals who had tuberculosis without DM.
Results. Tuberculosis coincident with DM is characterized by elevated frequencies of monofunctional and dualfunctional CD4 + Th1 cells following Mycobacterium tuberculosis antigen stimulation and elevated frequencies of Th17 subsets at both baseline and following antigen stimulation. This was associated with increased systemic ( plasma) levels of both Th1 and Th17 cytokines and decreased baseline frequencies of natural regulatory T cells but not interleukin 10 or transforming growth factor β.
Conclusions. Therefore, our data reveal that tuberculosis in persons with DM is characterized by elevated frequencies of Th1 and Th17 cells, indicating that DM is associated with an alteration in the immune response to tuberculosis, leading to a biased induction of Th1-and Th17-mediated cellular responses and likely contributing to increased immune pathology in M. tuberculosis infection.
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The association between diabetes mellitus (DM) and tuberculosis and their synergistic role in causing human disease has been appreciated for a long time but has only lately become a major topic of clinical and fundamental research [1] . While tuberculosis continues to be a major disease burden in developing countries, the rise in prevalence of type 2 DM has been rapid and relentless, and the dual burden of diabetes and tuberculosis clearly represents a serious global public health concern [2] . There is growing evidence that DM is an important risk factor for developing active pulmonary tuberculosis [3] . Based on murine models and human studies, immunity to Mycobacterium tuberculosis requires T-helper 1 (Th1) responses and (to a lesser extent) T-helper 17 (Th17) responses [4, 5] . Thus, interleukin 12, interferon γ (IFN-γ), and tumor necrosis factor α (TNF-α; along with interleukin 17 and interleukin 23) all play important roles in the induction and maintenance of protective immune responses against tuberculous [6] [7] [8] [9] [10] [11] . Furthermore, multifunctional T cells, defined by their ability to coexpress ≥2 cytokines, have also been associated with resistance to infection in animal models [12] and in some human studies [13, 14] .
To study influence of DM on CD4 + T-cell responses in active pulmonary tuberculosis, we examined baseline, antigen-specific, and polyclonal induction of single-, double-, and triple-cytokine-producing cells of the Th1 and Th17 subsets in individuals with active tuberculosis and coincident DM and compared them to individuals with active tuberculosis without diabetes. We show that those with tuberculosis coincident with DM have elevated frequencies of single-and double-cytokineproducing CD4 + Th1 cells, as well as increased frequencies of Th17 subsets following mycobacterial antigen stimulation in comparison to individuals with tuberculosis and without DM. We also show that this expansion of Th1 and Th17 cells is associated with increased systemic (plasma) levels of Th1-and Th17-associated cytokines. Thus, our data demonstrate that diabetes is associated with a profound alteration in the CD4 + T-cell response to M. tuberculosis, which possibly contributes to increased severity and/or immune-mediated pathology in tuberculosis.
MATERIALS AND METHODS

Study Population
We studied a group of 44 individuals in south India with active pulmonary tuberculosis; 22 had DM, and 22 did not have DM.
Pulmonary tuberculosis was diagnosed on the basis of both sputum smear and culture positivity. DM was diagnosed on the basis of glycated hemoglobin (HbA1c) levels and random measurement of blood glucose level, according to the American Diabetes Association criteria (all DM individuals had HbA1c levels of >6.5% and randomly measured blood glucose levels of >200 mg/dL). All individuals were human immunodeficiency virus negative. The 2 groups did not differ significantly in terms of sputum smear grades or radiological extent of disease. All individuals were naive to antituberculous treatment. Anthropometric measurements, including height, weight, and waist circumference, and biochemical parameters, including plasma glucose level, lipid profile, and HbA1c level, were obtained using standardized techniques as detailed elsewhere [15] . Hematologic analysis was performed on all individuals, using the Act-5 Diff hematology analyzer (Beckman Coulter). All individuals were examined as part of a clinical protocol approved by the Institutional Review Board of the National Institute of Research in Tuberculosis (clinical trials registration NCT01154959), and informed, written consent was obtained from all participants.
Ex vivo Analysis
All antibodies used in the study were from BD Biosciences, BD Pharmingen, eBioscience, or R&D Systems. Absolute numbers of CD4 + T cells were enumerated in whole blood, using the BD Multiset 6-Color TBNK cocktail (BD Biosciences). Naive and memory T-cell phenotyping was performed using CD45RA and CCR7 staining on CD4 + T cells and natural regulatory T-cell (nTreg) phenotyping was performed using CD25, Foxp3, and CD127. Ex vivo intracellular staining for Ki-67 expression on CD4 + T cells was performed.
Antigens
M. tuberculosis antigens used were purified protein derivative (PPD; Serum Statens Institute), early secreted antigen-6 (ESAT-6; Fitzgerald Industries), and culture filtrate protein-10 (CFP-10; Fitzgerald Industries). Final concentrations were 10 µg/mL for PPD, ESAT-6, and CFP-10 and 5 µg/mL for anti-CD3.
In Vitro Culture
Whole-blood-cell cultures were performed to determine the intracellular levels of cytokines. Briefly, whole blood was diluted 1:1 with Roswell Park Memorial Institute 1640 medium supplemented with penicillin/streptomycin (100 U/100 mg/mL), Lglutamine (2 mM), and HEPES (10 mM; all from Invitrogen) and distributed in 12-well tissue culture plates (Costar). The cultures were then stimulated with ESAT-6, CFP-10, or anti-CD3 or with medium alone in the presence of the costimulatory molecules CD49d/CD28 at 37°C for 6 hours. Brefeldin A (10 µg/mL) was added after 2 hours. After 6 hours, centrifugation, washing, and red blood cell lysis was performed. The cells were fixed using cytofix/cytoperm buffer (BD Biosciences) and cryopreserved at −80°C.
Intracellular Cytokine Staining
The cells were thawed, washed, and stained with surface antibodies for 30-60 minutes. Surface antibodies used were CD3, CD4, and CD8. The cells were washed and permeabilized with BD Perm/Wash buffer (BD Biosciences) and stained with intracellular cytokines for an additional 30 minutes before washing and acquisition. Cytokine antibodies used were IFN-γ, TNF-α, interleukin 2 (IL-2), interleukin 10 (IL-10), IL-17A and interleukin 22 (IL-22). Eight-color flow cytometry was performed on a FACSCanto II flow cytometer with FACSDiva software, version 6 (Becton Dickinson). The lymphocyte gating was set by forward and side scatter, and 100 000 lymphocytes events were acquired. Data were collected and analyzed using Flow Jo software (TreeStar). All data are depicted as the frequency of CD4 + T cells expressing cytokine(s). Baseline values following stimulation with medium are depicted as baseline frequency, while frequencies following stimulation with antigens are depicted as net frequencies (with baseline values subtracted).
Enzyme-Linked Immunosorbent Assay (ELISA)
IL-2, IFN-γ, TNF-α, IL-10, and IL-17A levels were measured using Bioplex multiplex cytokine assay system (Biorad), and IL-22 and transforming growth factor β (TGFβ) levels were measured by ELISA, using kits from R&D Systems.
Statistical Analysis
Data analyses were performed using GraphPad PRISM (GraphPad Software). Geometric means (GMs) were used for measurements of central tendency. Statistically significant differences between 2 groups were analyzed using the nonparametric Mann-Whitney U test. Multiple comparisons were corrected using the Holm correction. To observe whether the effects of DM persist after controlling for factors that tend to be related to DM, we fit linear models on the log-transformed values to the DM status, including a binary term for sex and linear terms for age, body mass index (BMI; calculated as the weight in kilograms divided by the height in meters squared), cholesterol level, and triglyceride levels. We then tested for significance in this model by the likelihood ratio test. The linear models were fit in R (version 2.15.2).
RESULTS
Study Population Characteristics
Baseline characteristics, including demographic characteristics and clinical and biochemical features, of the study population are shown in Table 1 . As can be seen, compared with subjects without diabetes, those with diabetes had higher fasting blood glucose, glycated hemoglobin, serum cholesterol, low-density lipoprotein cholesterol, and triglyceride levels but lower highdensity lipoprotein cholesterol levels. The groups did not differ in their measured hematological parameters (Table 2) sis infection, and the frequency of multifunctional, cytokineproducing, antigen-specific Th1 cells has been associated with control of infection [12, 16] . To determine the influence of DM on Th1 cells in active tuberculosis, we used multiparameter flow cytometry to define the frequencies CD4 + T cells expressing To study the association between the frequencies of Th1 and Th17 cells and systemic immune responses in patients with tuberculosis coincident with DM, we measured the plasma levels of Th1 (IFN-γ, TNF-α, and IL-2)-associated and Th17 (IL-17A and IL-22)-associated cytokines, as well as the known regulatory cytokines IL-10 and TGF-β. As shown in Figure 3 , plasma levels of IL-2 (GM, 13.1 pg/mL in patients with DM and 7.9 pg/mL in those without DM; P = .0112), IFN-γ (GM, 439.2 and 91.6 pg/ mL, respectively; P < .0001), and IL-17A (GM, 126.5 and 99.1 pg/mL, respectively; P = .0023) were significantly higher in patients with DM as compared to individuals without DM. In contrast, plasma levels of IL-22 were significantly lower in patients with DM, compared with patients with DM (GM, 10.0 vs 31.3 pg/mL; P < .0001). Finally, the circulating levels of IL-10 (GM, 148.5 vs 98.9 pg/mL; P = .0013) but not TGF-β were higher in patients with DM than in those without DM. Thus, while systemic levels of proinflammatory cytokines are higher in patients with tuberculosis coincident with DM, this is not reflective of a corresponding decrease in immunoregulatory cytokines.
Multivariate Analysis Confirms the Association of Tuberculosis Coincident With DM With Increased Antigen-Driven Th1 Cells and Proinflammatory Cytokines
To confirm the association of tuberculosis coincident with DM with elevated frequencies of Th1 cells and proinflammatory cytokines, we tested for the effect of DM on each variable after controlling for the effects of age, sex, BMI, cholesterol level, and triglyceride levels. We performed a likelihood ratio test for the DM effect, controlling for age, sex, BMI, cholesterol level, and triglyceride levels, by comparing 2 linear models: (1) a model with the flow readout as the response (log transformed) and independent variables for age (continuous), sex, BMI (continuous), cholesterol level (continuous), and triglyceride levels (continuous), and (2) a model as in (1), but also with an independent variable for DM (yes or no). DM was associated with significant increases in the frequency of most PPD-, ESAT-6-, and CFP-10-induced mono-and dual-functional Th1 cells. The magnitude of the significant associations was as follows: for PPD: IFN-γ (adjusted relative risk [RR], 3.6; adjusted P = .0131), TNF-α (RR, 3.5; P = .0101), and IL-2 and TNF-α (RR, 2.1; P = .0416); for CFP-10: IL-2 (RR, 2.8, P = .0422), TNF-α (RR, 2.7; P = .0243), and IFN-γ and IL-2 (RR, 3.5; P = .0051); for ESAT-6: IFN-γ (RR, 5.8; P = .0119), IL-2 (RR, 3.1; P = .0175), IFN-γ and IL-2 (RR, 4.6; P < .0001), and IL-2 and TNF-α (RR, 2.3; P = .0156). Similarly, DM was also independently associated with the increased circulating levels of proinflammatory cytokines [IFN-γ (RR, 4.8; P < .0001), IL-2 (RR, 1.6; P = .0294), and IL-17 (RR, 1.3; P = .0303)], as well as Figure 1 continued. response to purified protein derivative (PPD; C), culture filtrate protein-10 (CFP-10; E), and early secreted antigen-6 (ESAT-6; E) is shown in patients with tuberculosis coincident with DM and those with tuberculosis only. F, The net frequency of CD4 + T cells expressing the different cytokines in response to anti-CD3 stimulation is shown in patients with tuberculosis coincident with DM and those with tuberculosis only. Net frequencies were calculated by subtracting baseline frequencies from antigen-or anti-CD3-stimulated frequencies. P values were calculated using the Mann-Whitney U test. [18, 19] , we also examined the baseline frequency of nTregs in patients with and patients without DM. Interestingly, the nTreg population was present at a significantly lower frequency in patients with DM as compared to those without DM ( Figure 4B ). In addition, as shown in Figure 4B , DM was associated with increased rather than decreased frequencies of CD4 + T cells expressing IL-10.
Finally, we measured Ki-67 expression to determine baseline activation/proliferation of CD4 + T cells and found no significant difference between the 2 groups. Thus, our data suggest that decreased frequencies of nTregs are associated enhanced 
CD4
+ Th1 and Th17 cytokine responses in patients with tuberculosis coincident with DM.
DISCUSSION
Multiple epidemiologic studies have shown that DM is a major risk factor for active pulmonary tuberculosis, as well as a predictor of poor treatment outcomes and reduced survival among those with tuberculosis [1] . A recent meta-analysis of 13 observational studies on the risk for tuberculosis in diabetic individuals determined that diabetic patients were 3.1 times more likely to have tuberculosis than nondiabetic individuals [3] . Several studies have also suggested a dose effect, with tuberculosis risk increasing with DM severity [3, 20] . In recent decades, in developing countries such as India, the incidence of tuberculosis remains high, while the prevalence of DM is rising alarmingly. In fact, a recent study in Chennai demonstrated that the prevalence of type 2 diabetes in patients with tuberculosis attending outpatient clinics was approximately 25% and that another 25% of these patients were prediabetic [21] . The immunological basis for this susceptibility to tuberculosis among individuals with DM is not well understood. One possible mechanism is that an impaired immune response in diabetic patients facilitates either primary infection with M. tuberculosis or reactivation of latent tuberculosis [22] . Studies examining the innate and adaptive immune response to microbial antigens in diabetic patients suggest that these responses are compromised, particularly in patients with chronic hyperglycemia [23] [24] [25] . Whether this applies to M. tuberculosis infection remains unclear. Indeed, mice with chronic hyperglycemia exhibit deficient priming of the adaptive immune response, resulting in a higher bacterial burden in the lung that is associated with an exuberant (not impaired) Th1 response, leading to immune-mediated pathology [26] . Interestingly, these data mirror the finding that patients with tuberculosis coincident with DM overexpress cytokines that are normally protective during tuberculosis [27] . Our findings reveal 2 interesting features. First, while there were no differences in the spontaneously expressed frequency of CD4 + Th1 cells of the mono-and dual-functional variety, M. tuberculosis antigen stimulation resulted in an exaggerated expansion of these cells in diabetic individuals. Second, the expansion of mono-and dual-functional Th1 cells in patients with tuberculosis coincident with DM was relatively pathogen specific, since the differences in the Th1 frequency profiles between the 2 groups of patients with tuberculosis were almost completely abolished when stimulation with a polyclonal stimulus (anti-CD3) was compared. Our study, therefore, confirms an important role for Th1 cells in the pathogenesis of tuberculosis in DM and suggests that elevated frequencies of Th1 cells might actually reflect an enhanced severity of disease or may reflect a higher antigen load. Since unrestrained expansion of Th1 cells is also known to contribute to pathology in several infectious and autoimmune diseases [28] , our findings also suggest that this expanded population could possibly contribute to lung pathology in diabetic individuals.
Although it is well recognized that CD4 + Th1 cells are critical in cellular responses to tuberculosis, it is also clear that these responses alone are not sufficient to eliminate infection [4] . However, because of the potential for IL-17 to mediate immune pathology, as seen in autoimmune diseases and infection models [29] , it is also postulated that IL-17 may have detrimental effects in chronic bacterial infectious diseases, such as tuberculosis. Therefore, the balance between Th17-mediated protection and pathology is key in defining the outcome of M. tuberculosis infections [30] . Our data on the examination of Th17 subsets reveal that 2 different Th17 subsets (expressing IL-17A, IFN-γ or IL-17A, IL-10 but not IL-17A, IL-22) are present at an increased frequency in patients with tuberculosis coincident with DM. Th17 cells coexpressing IL-17A and IFN-γ have been found to be important for responses to the fungal pathogen Candida albicans, whereas Th17 cells coexpressing IL-17A and IL-10 are important for responses to the bacterial pathogen Staphylococcus aureus [31] . Although the initial Th17 response might therefore be beneficial in establishing resistance to pathogens, exaggerated Th17 responses have been shown to represent unchecked tissue damaging inflammation in the setting of ineffective antimicrobial mechanisms [32] . Interestingly, the third subset that we examined, IL-17A-and IL-22-expressing CD4 + T cells, is not elevated and therefore warrants further investigation. Therefore, our data suggest that an exaggerated Th17 response, similar to the Th1 response, occurs in individuals with active tuberculosis coincident with diabetes and possibly contributes to immune-mediated pathology, as well. It is also possible that the increased Th1/Th17 responses do not contribute directly to pathology but are actually more indicative of increased bacterial burdens in diabetic individuals or an inability of these individuals to mount an effective antibacterial response. Interestingly, the enhanced CD4 + T-cell repertoire involving Th1 and Th17 subsets is associated with significantly higher systemic levels of Th1-and Th17-associated cytokines. Thus, IL-2, IFN-γ, and IL-17A are all present at significantly higher levels in the circulation of diabetic individuals, compared with nondiabetic individuals, with pulmonary tuberculosis. T-cell profiles in patients with insulin resistance are known to be altered, which could indicate that T-cell factors are linked to disturbed insulin sensitivity [33] . In patients with type 2 DM, circulating T cells produce increased levels of IL-17 and IFN-γ and promote inflammation, and several cytokines produced by Th1 or Th17 cells have been linked to insulin resistance [33, 34] . Thus, underlying poorly controlled diabetes by itself could contribute to the increase in proinflammatory cytokines observed in patients with tuberculosis coincident with DM. However, coupled with the altered frequency of M. tuberculosis antigen-specific CD4 + T cells in the periphery, our data strongly support an important role for diabetes in contributing to an acutely proinflammatory environment during M. tuberculosis infections. One potential mechanism for the increase in baseline levels of proinflammatory cytokines and Th17 subsets in patients with tuberculosis coincident with DM could be a concomitant decrease in the levels of systemic immunoregulatory cytokines or the frequency of CD4 + T cells expressing IL-10. However, as revealed by the increased systemic levels of IL-10 and the unaltered levels of TGF-β, it is not only cytokines with inflammatory potential that are elevated in patients with tuberculosis coincident with DM, but also cytokines with major immunoregulatory potential. Moreover, the frequency of CD4 + T cells expressing IL-10 is actually increased in patients with tuberculosis coincident with DM, suggesting that these cells have little or no role to play in curbing the expansion of Th1/Th17 cells or that they are expanded with delayed kinetics, resulting an inability to suppress the increased Th1/Th17 responses. Thus, the exuberant CD4 + Th1 and Th17 response in individuals with diabetes is not associated with decreased systemic IL-10 or TGF-β levels. Our data also suggest that it is unlikely that an alteration in T-cell numbers or subset distribution or recent T-cell activation was the primary cause for the enhanced expansion of cytokine-producing T cells. Another important mechanism that could account for the exaggerated Th1 and Th17 response is the impairment in the induction of nTregs. Our data reveal that, at baseline, patients with tuberculosis coincident with DM exhibit a significantly lower frequency of nTregs, which could potentially account for the exaggerated proinflammatory response engendered by M. tuberculosis infection in diabetic individuals. Since diabetes and other metabolic disorders are known to have profound effects on the development of nTregs [34] , our data imply that diabetes-induced impairment in Tregs could play an important role in tuberculosis pathogenesis. Our study provided important insights into the influence of poorly controlled type 2 DM on the pathogenesis of tuberculosis. Our data supporting the effects of an excessive but otherwise intact adaptive immune response to M. tuberculosis during diabetes provided a rational basis for testing combined antimicrobial and antiinflammatory therapies in diabetic patients with tuberculosis. Our study also provides an impetus to perform longitudinal studies examining the role of immunological biomarkers in the development of tuberculosis in diabetic patients. Finally, our data support the prediction that diabetes exacerbates tuberculosis severity to a significant degree and therefore provides a rationale for treating latent tuberculosis in the diabetic population in India. Future studies examining immune responses in diabetic patients with latent tuberculosis should provide additional insights into the pathogenesis of tuberculosis by dissecting the complex immunological interaction between diabetes and tuberculosis. 
